Isoacceptors of Ala-, Arg-, Glu-, Gin-, He-, Leu-, Lys-, Ser-, Thrand Val-tRNAs from wheat germ have been resolved by reverse phase chrcmatography. Codon recognition properties have been determined on isolated fractions of each of these aa-tRNAs and codon assignments have been made to a number of isoacceptors. Evolutionary changes which have occurred in patterns of codon recognition by isoacceptor aa-tRNAs in wheat germ and other organisms are discussed.
INTRODUCTION
Patterns of codon recognition of isoacceptor aa-tRNAs have been characterized in £. coli (1-3), yeast (1,2) and mammals (3,4). They have not been characterized in higher plants. We, therefore, have examined the patterns of codon recognition for ten aa-tRNAs fractionated from wheat germ. Such studies, in conjunction with coding studies from other species (1-4), provide an evolutionary record of the changes which have occurred in the patterns of codon recognition between different organisms.
MATERIALS AND METHODS
[•*H]Amino acids were commercial products and their specific activities are listed in Table 1 . Wheat germ was obtained from General Mills Co. and was the gift of Dr. Bruce Paterson. 50 g of wheat germ in 250 ml of buffer (10 mM Tris-Cl, pH 7.4, 100 mM KC1, 1 mM MgAc 2 , 2 mM CaCl 2 and 6 mM 2-mercaptoethanol) were blended in a Servall Omni-mix, the heavy particulate matter removed by centrifugation and tRNA prepared from this extract with phenol and chloroform (5, 6) followed by centrifugation at 150,000 x g for 2.5 hours. Aminoacyl-tRNA synthetases were prepared from an extract (7) containing 60 ml of 10 mM Hepes buffer, pH 7.5, 10 mM MgCl 2 and 20 mM 2-mercaptoethanol by the procedure of Muench and Berg (8) as previously described (4) (5) (6) . Transfer RNA was ami noacyl ated with one labelled (0.05 mM to 0.1 mM final concentration) and 19 unlabelled (0.5 mM) amino acids in 60 mM Tris-Cl, pH 7.4, 10 mM MgClg, 6 mM ATP, and enzyme under limiting tRNA conditions. The resulting [^H] aa-tRNAs were resolved on a reverse phase chromatographic column (designated RPC-5) (9), as previously described Ribosomal binding studies were carried out by the procedure of Nirenberg and Leder (10) as given (4, 6) . A 2 5Q units of tRNA, cpm of labelled aa-tRNA and Mg*" 1 " levels used in the ribosomal binding studies are summarized in Table 1 .
RESULTS

I. Fractionation and codon responses of aa-tRNAs
Ten aa-tRNAs from wheat germ were fractionated on a RPC-5 column Table 1 . Codon assignments were made to most isoacceptor aa-tRNAs and are indicated in the text by the underlined codon(s).
Chranatography and codon recognition properties of isolated fractions of'Ala-, Arg-, Gin-, Glu-, He-, and Leu-tRNAs are shown in Figure 1 . The results are as follows:
A. Ala-tRNA:
1) The binding of Fraction I to ribosomes is stimulated in the presence of GC±, GCC and GCA.
2) Fraction II responds most strongly to GCG, but also responds to the other codons.
3) Fraction III responds to GCG. 4) The small initial eluting shoulder of Peak I responds to GCU, GCC and GCA (data not shown).
B. Arg-tRNA: 1) Fraction I responds strongly to CGU, £GC_ and CGA.
2) Fraction II responds strongly to CGG.
3) Fraction III responds most strongly to AGG_ and less well to AGA co-elutes with the isoacceptor which recognizes AGG. However, since none of the other Arg-tRNA fractions from wheat germ manifest a response to AGA and since other wheat germ aa-tRNAs which show a strong response to codewords with G in the 3' position may also show weaker responses to codewords with A (e.g., see Glu-tRNA below), we tentatively assign AGA tc this isoacceptor.
4) The terminal eluting peak responds strongly to CGA.
C. Glu-tRNA:
1) All three eluting peaks recognize GAG and respond slightly to GAA.
2) The middle peak appears to respond more strongly to GAA in proportion to GAG than other peaks and is tentatively assigned to GAA.
D. Gln-tRNA:
1) The initial eluting minor shoulder and the major peak (Fractions I and II) recognize CAG. I  II  III   I  II  III  IV   I  II   I  II  III   I  II  III   I  II  III  IV   I  II  III  IV  V   I  II  III  IV   I  II  III   I  II  III   I  II  III 2) The minor eluting terminal peak (Fraction III) recognizes CAA.
E. Ile-tRNA:
1) The large initial and second eluting peaks (Fractions I and II) recognize AUU, AUC and AUA.
2) The third eluting peak (Fraction III) recognizes AUA.
3) The peak which elutes in fractions 69 to 80 recognizes AUU, AUC and AUA (data not shown). However, on re-chromatography this peak elutes in an earlier position from the column near Peak 1. This peak may, therefore, migrate on the column as a tRNA dimer (12) which disassociates before the coding assay.
F. Leu-tRNA:
1) The initial eluting shoulder (Fraction I) responds to UUG.
2) The large eluting peak (Fraction II) responds to CUG.
3) Fraction III responds to CUG and slightly to CUA. 2) Fraction III responds to both AAG and AAA, but more strongly to AAG.
3) Fractions IV and V also respond to AAG and AAA, but preferentially recognize AAA.
4) About 40% of the response obtained in the presence of AAG as template was observed with UAG as template with peaks I-IV (data not shown).
Responses of different lysine isoacceptors from black-eyed peas (13) and from lupin seeds (14) to AAG and to AAA and AAG, respectively, have been reported. B. Ser-tRNA: 1) Fraction I responds to UCU, UCX, UCA, and JJCG. Additional fractionation and coding studies on the initial eluting peak are given below.
2) Fraction II responds to all six serine codons.
3) Fractions III and IV respond to AGU and AGC.
4) No response to UGA (5) was observed with any of the wheat germ
Ser-tRNA fractions (data not shown).
C. Thr-tRNA: 1) Fraction I responds to ACIJ, ATX and ACA.
2) The most pronounced response of Fraction II is to ACG.
3) The most pronounced response of Fraction III is to ACA.
4) The peak which elutes just before the column flush in high salt responds to ACU, ACC and ACA (data not shown). However, on re-chrcmatography this peak elutes in an earlier position from the column. Therefore, the peak which elutes just before the high salt wash may migrate on the column as a tRNA dimer (12).
5) The small peak which elutes first from the column recognizes ACU, ACC and ACA (data not shown).
D. Val-tRNA: 1) Fraction I, which was re-chromatographed before being examined in the coding assay (see insert of Val-tRNA in Figure 2 ), responds to £UU, GUC, GUA and GUG.
2) The large eluting peak (Fraction II) responds to GUU, GUC, GUA and GUG. This isoacceptor may be assigned all four codons by analogy to a mammalian Val-tRNA (15).
3) Fractions III and IV respond most strongly to GUA, but also respond to GUU and GUG. Additional chromatography would be required to determine if the responses to GUU and GUG are due to incomplete resolution of these fractions and the major isoacceptor.
The initial eluting peak of Ser-tRNA was divided into two fractions and each fraction re-chromatographed (see Figure 3) to determine if it consists of an isoacceptor which recognizes UCU, UCC and UCA and a different isoacceptor recognizing UCG (3) (4) (5) . The earlier eluting portion of this peak (Fraction I of insert A) responds strongly to UCU, UCC and UCA. Fraction II responds to UCU, UCA, and weakly to UCC and UCG. This fraction may be assigned the codon UCC by analogy to a mammalian Ser-tRNA (3) (4) (5) . The later eluting portion (Fraction III of insert B) responds to UCU, UCC, UCA, and UCG. These data suggest that peak I of Ser-tRNA contains an isoacceptor recognizing UCU, UCC and UCA (3) (4) (5) . Additional fractionation would be required to determine if an isoacceptor is present in this peak which recognizes only UCG (3-5).
II. Distribution of isoacceptors
The distribution of wheat germ isoacceptors resolved by RPC-5 chromatography is shown in Table 2 Evolutionary changes have also occurred in relative abundances of specific isoacceptors (see also 1-4). For example, the alanine isoacceptor which recognizes GUG is a major isoacceptor in wheat germ and Hymenoptera (23) but a minor isoacceptor in mammals (4). The arginine isoacceptor which recognizes AGG is a major isoacceptor in wheat germ and mammal s (3, 4, 6) , but a minor isoacceptor in _E. coli (2, 3, 25) . The Gln-tRNA which recognizes CAA is a minor isoacceptor in wheat germ but comprises more than 50% of the Gln-tRNA in Hymenoptera (23) .
It is also of interest to note that the frequency of usage of certain codons is different in the mRNAs which have been sequenced from procaryotic and eucaryotic sources (26) (27) (28) (29) (30) (31) (32) . Such studies demonstrate that the frequency of usage of codons has also undergone evolutionary changes.
Evolutionary changes have occurred, therefore, in patterns of codon recognition, in relative abundances of specific isoacceptors and in frequency of usage of specific codons in mRNA. The means by which these changes have occurred in evolution are not clearly understood. However, an appropriate amount of aa-tRNA (anticodons) must always be maintained in a tRNA population for efficient translation of the corresponding codewords. Therefore, the initial evolutionary events may involve an expansion in the tRNA (anticodon) population, either in relative abundance of an isoacceptor or in generation of an isoacceptor with a different pattern of codon recognition. Subsequent changes in codon frequency followed by loss or reduction in expression of the more primitive pattern of codon recognition or in isoacceptor distribution may then occur. Heterologous aminoacylations of tRNA from a variety of organisms are presently being carried out in this laboratory to provide a better understanding of evolutionary changes which have occurred in tRNA:
synthetase interactions. The results of these studies, along with a more detailed examination of the evolutionary changes which have occurred in patterns of codon recognition by isoacceptor aa-tRNAs from a number of organisms, including Hymenoptera (23), will be presented elsewhere.
